Even with decades of research, purine nucleoside phosphorylases (PNPs) are enzymes whose mechanism is yet to be fully understood. This is especially true in the case of hexameric PNPs, and is probably, in part, due to their complex oligomeric nature and a whole spectrum of active site conformations related to interactions with different ligands. Here we report an extensive structural characterization of the apo forms of hexameric PNP from Helicobacter pylori (HpPNP), as well as its complexes with phosphate (P i ) and an inhibitor, formycin A (FA), together with kinetic, binding, docking and molecular dynamics studies. X-ray structures show previously unseen distributions of open and closed active sites. Microscale thermophoresis results indicate that a two-site model describes P i binding, while a three-site model is needed to characterize FA binding, irrespective of P i presence. The latter may be related to the newly found nonstandard mode of FA binding. The ternary complex of the enzyme with P i and FA shows, however, that P i binding stabilizes the standard mode of FA binding. Surprisingly, HpPNP has low affinity towards the natural substrate adenosine. Molecular dynamics simulations show that P i moves out of most active sites, in accordance with its weak binding. Conformational changes between nonstandard and standard binding modes of nucleoside are observed during the simulations. Altogether, these findings show some unique features of HpPNP and provide new insights into the functioning of the active sites, with implications for understanding the complex mechanism of catalysis of this enzyme.
Introduction
Enzymes, or proteins in general, are commonly present in oligomeric forms for performing active biological functions. The average oligomeric state of cellular proteins is tetrameric [1] , and some literature data suggest that 35% or more of the proteins in a cell are oligomeric, and most of them are homo-oligomers [2] . Higher order oligomers are less prevalent and a relatively small fraction of oligomeric structures have odd-numbered stoichiometries. All homo-oligomeric proteins are symmetrical; this symmetry is usually cyclic, dihedral or cubic [2, 3] .
For the biological activity of a protein, conformational changes induced by ligand binding and formation of a protein-ligand complex are of immense importance [4] . These ligands may be proteins, peptides, small chemical compounds, metals or ions [4] . Cumulative information obtained from protein-ligand interactions and ultimately from ligand-induced conformational changes in proteins could lead to the effective discovery of novel pathways and therapeutic targets for many diseases [4] .
For many years we have been studying a homohexameric enzyme purine nucleoside phosphorylase (PNP, purine nucleoside orthophosphate ribosyl transferase, EC 2.4.2.1) and the conformational changes of its six active sites upon ligand binding, with the final goal of understanding the highly complex mechanism of this enzyme action [5] [6] [7] [8] [9] [10] [11] [12] [13] . PNP catalyses the reversible phosphorolytic cleavage of the glycosidic bond of purine ribo-and deoxyribonucleosides:
(deoxy)purine nucleoside þ orthophosphate ¼ purine base þ ð2 0 -deoxy)ribose-1-phosphate:
Two main classes of PNPs have been characterized: one is the so-called 'low molecular mass' class of PNPs (M r about 90 000 Da), consisting of trimeric enzymes specific for 6-oxopurine nucleosides and found mainly in mammals [14] . PNP from many microorganisms belongs to the second class, the so-called 'high molecular mass' PNPs (M r in the range of 110 000 to 150 000 Da) that are homohexamers accepting as substrates 6-oxopurine, and also 6-aminopurine nucleosides [14] .
We have recently focused our research on PNP from Helicobacter pylori. It is one of the most prevalent global pathogens which colonizes an estimated 50% of the world's population [15] . It was first described by Warren and Marshal in Australia in 1983 [16] . It infects the human stomach mucosa and produces diseases of the upper gastrointestinal tract such as chronic gastritis, peptic ulcer disease, gastric marginal zone/mucosa-associated lymphoid tissue lymphoma and gastric carcinoma [17] . Recently, it has been suggested that H. pylori may be associated with extraintestinal diseases, including immune thrombocytopenic purpura [18] , refractory iron anaemia [19] and vitamin B12 deficiency [20] . The prevalence of bacterial antibiotic resistance is regionally variable and appears to be increasing with time in many countries [21] . Consequently, the antimicrobial eradication rate of H. pylori has been declining globally [21] . Clarithromycin resistance has been rapidly increasing over the past decades, and other antibiotics show similar trends [21] .
Like many parasitic protozoa, the Gram-negative bacterium H. pylori lacks de novo synthesis of purines and relies on the purine salvage pathway to synthesize purines as indispensable building blocks for its DNA and RNA synthesis [22] . Liechti and Goldberg [23] deleted the putative nucleoside phosphorylase gene deoD and showed that H. pylori was unable to grow on purine nucleosides or the purine base adenine, suggesting the essentiality of the enzyme encoded by this gene for the salvage pathway. Consequently, inhibiting PNP as a key enzyme of the purine salvage pathway could significantly influence or even prevent H. pylori growth. This makes PNP a potential new pharmaceutical target, and inhibitors of this enzyme are potential new antibiotics.
Here we present the results of our biochemical, biophysical, crystallographic and computational studies of HpPNP. A detailed analysis of changes in active site conformations upon ligand binding is reported. The crystal structures of apo enzyme and three of its binary and ternary complexes with the natural substrate P i , and good inhibitor formycin A (FA), were determined. Additionally, molecular dynamics (MD) simulations were used to study dynamical properties and to complement those methods.
Results

Enzyme purification
In our previous work on PNP from clinical isolate of H. pylori (HpPNP-Zg) [13] , we utilized a two-step purification procedure composed of anion exchange chromatography followed by an affinity chromatography [24] . The same procedure was now used for the purification of PNP from H. pylori strain ATCC 26695, with even better results. Electrophoretically homogeneous protein preparation was obtained as determined by Coomassie staining, with the estimated molecular mass of purified protein subunit of 27.2 kDa (in agreement with the theoretical molecular mass of 25 786 Da). Yield of purification was 56% (compared to 14% for HpPNP-Zg).
Substrate specificity
As for HpPNP-Zg, we tested the substrate specificity of HpPNP vs. both 6-oxo and 6-amino purine nucleosides. Activity assay shows that PNPs from both sources of H. pylori have similar activity profiles, with activity vs. Ado, i.e. 6-amino purine nucleoside, significantly lower than in the case of Escherichia coli PNP (6.0 and 2.2 vs. 42.8 lmolÁmin À1 Ámg À1 , respectively, Table 1 ).
Effect of pH and temperature on enzyme activity and stability
Purified HpPNP behaves very similar to HpPNP-Zg regarding the influence of pH and temperature on enzyme activity and stability. It was most active towards Ino under the chosen conditions (see Experimental procedures), at pH 7.0 and 60-65°C. Stability (over 90% of the initial activity retained) was demonstrated in the pH range 6.0-10.0 at 25°C and up to 30°C at pH 7.0. Stability decreased rapidly below pH 5.5 and above pH 10.0, and no activity was observed after 1 h of incubation at 50°C. [6, 7] . Its activity vs.
other nucleoside substrates, Ado, Guo and m 7 Guo, is several-fold lower than its activity vs. Ino (see Table 1 ).
The kinetic model of phosphorolysis catalysed by HpPNP was determined with the natural substrate Guo and with m 7 Guo, which is a Guo analogue bearing the positive charge on the N(7) position of the purine ring. According to the molecular mechanism of E. coli PNP [6, 7] , which most probably also applies to HpPNP, the protonation of the purine base at position N(7) by the side chain of Asp204 is the first step in the catalytic cleavage of the glycosidic bond. Hence, m 7 Guo bears one feature of the transition state and does not need to be protonated.
The kinetic data with nucleosides as variable substrates ( Fig. 1 , panels A and B) reveal that the Michaelis-Menten (MM) equation is sufficient to properly describe the reaction, and the kinetic constants obtained by fitting this equation are shown in Table 2 . Michaelis constant is 2.5-fold higher, and maximal velocity is slightly lower for m 7 Guo when compared with the same parameters obtained for Guo: K m is 54. 4 . The kinetic data with P i as variable substrate, obtained at constant nucleoside concentration (0.28 mM for m 7 Guo and 0.18 mM for Guo) are depicted in Fig. 1 , panels C and D. For Guo, as expected on the basis of literature data for hexameric PNPs [7, 14] , allosteric sites model with negative cooperation between active sites was found to apply. Rather unexpectedly, for m 7 Guo, MM equation was found to properly describe the data. The kinetic constants obtained are listed in Table 2 . The striking feature is a very low Michaelis constant for m 7 Guo, 3.1 AE 0.3 lM as compared with 15 AE 2 lM for E. coli PNP [7] .
Influence of ionic strength and the presence of some ions on enzyme kinetics Good crystallization conditions of HpPNP (200 mM MgCl 2, 100 mM Tris/HCl pH 7.0, 10% polyethylene glycol 8000) were identified using crystallization screens. Crystals were obtained also in the presence of 50 mM P i , 5 mM inhibitor FA and in the presence of both these ligands, but unexpectedly, all the structures were found to be empty -none of the ligands bound. Therefore, the influence of high ionic strength and MgCl 2 presence on the reaction catalysed by HpPNP was studied. The kinetic data for Guo phosphorolysis observed with P i as variable substrate, in the presence of 0.9 M NaCl (panel E) and of MgCl 2 (0.03 and 0.3 M, panel F), are shown in Fig. 1 . Kinetic curves in the presence of ions are shifted, as compared with the curve obtained under standard conditions (50 mM Hepes buffer), indicating a marked increase in the apparent Michaelis constants for P i , hence also most probably an increase in the dissociation constant of P i -enzyme complex. These findings suggested the necessity to change the crystallization conditions, by way of lowering or completely removing MgCl 2 , to get crystals with bound ligands.
FA as HpPNP inhibitor
Formycins are well-known inhibitors of hexameric PNPs [14] . The type of inhibition and the inhibition constant for FA, analogue of adenosine, vs. HpPNP were determined using m 7 Guo as a substrate. The kinetic data obtained are presented in Fig. 2 concentration (Fig. 2B) . Global fitting of the competitive inhibition model, Eqn (3) , to the whole data set yields inhibition constant K i = 14.0 AE 1.7 lM, which is about threefold higher than that reported for E. coli
Binding of ligands to HpPNP determined by microscale thermophoresis (MST)
The binding of FA and P i to HpPNP and of FA to the enzyme/P i complex was studied by microscale thermophoresis (MST). In all of the cases, ligand concentration range was as wide as possible, from nM to mM, to detect strong and weak binding sites, if present. The data are shown in Fig. 3 . In all the studied cases, a model with one binding site was insufficient to describe the experimental data. The binding of P i ion is best described by a two-site model with K d1 = 3.60 AE 0.44 mM and K d2 = 53.9 AE 18.7 mM. The binding of the first and second ligand molecule occurs with a similar fluorescence decrease, r PL = À1233.85 AE 104.78 and r PLL = À1956.10 AE 42.11. The binding of FA in both cases, in the absence and presence of P i , is best described with a three-site model (see Experimental procedures). Dissociation constants for FA binding to apo form of PNP ( ) revealed, besides the expected hexameric form, an unequivocal presence of a smaller species, up to 32% (see Fig. 4B ), and traces of a presumed dodecamer (up to 1%, not shown). Insert in Fig. 4B shows the SDS/ PAGE electrophoresis for the sample used in ultracentrifugation, confirming that in the denatured state, the enzyme sample is homogenous. Overall structure from X-ray studies
Three structures of apo enzyme (HpPNPapo_ [1] [2] [3] ), two binary complexes with Pi (HpPNP_PO4) and FA (HpPNP_FA) and one ternary complex with both Pi and FA (HpPNP_PO4_FA) were determined by X-ray crystallography. PNP from H. pylori is a homomeric enzyme composed of six subunits, each comprising 233 amino acids. The hexamer has the shape of a disc, averaging 100 A in diameter and 40 A wide. The central part of the monomer is formed by nine b-strands creating an elongated b-sheet which is surrounded by seven a-helices of different lengths. At one end, five bstrands (S5-S9) turn and close on themselves to form a small b-barrel, which is connected to the remaining bsheet via the two longest b-strands, S5 and S9, located in the middle (Fig. 5A ). This part also serves as a wall that closes one side of the active site, while on the other side the active site is closed by two a-helices, H1 and H8. Two monomers come together by twofold symmetry, which may be approximate or exact, to form a dimer ( Fig. 5B ) by an intradimer interface (Fig. 5C ). Each monomer completes the active site of the other monomer in the dimer by donating two amino acids (His4 and Arg43) which interact with the substrates. Three dimers then join together by threefold symmetry, thus forming a full hexamer (Fig. 5D ).
The structure of the active site
The active site of HpPNP is located close to the surface of the protein and is formed by the central b-sheet on one side and helices H1 and H8 on the other, while it remains partially open to the surface to allow the entrance of the substrates (Fig. 6 ).
Amino acids His4 and Arg43, which are located in the loop regions of the neighbouring monomer from the same dimer, also come near to the active site and interact with the substrates. Furthermore, one end of the helix H8 can be segmented at the residue Phe221 and the residues 214-220 become a smaller detached a-helix that can move towards the active site (Fig. 6 ). In this way, the so-called 'closed' active site conformation is formed. Upon this segmentation, residue Arg217, which is located in the middle of the segmented helix, moves closer to the centre of the active site, and to residue Asp204 as the initial step of catalysis [6] .
The active site can broadly be divided into three parts: P i -, ribose-and base-binding parts (Fig. 6 ). P ibinding part is a positively charged and the most buried region of the active site, surrounded by three arginine residues (Arg24, Arg43 from other monomer and Arg87), Gly20 and Thr90, which all make hydrogen bonds to P i . Molecular dynamics (MD) simulations confirm that Arg24 and Thr90, along with Arg43 from the neighbouring monomer, play the largest role in P i binding: by the simulations' end they form hydrogen bonds with P i ions in nearly all binding sites (in 28 out of 30 active sites with P i ), whereas hydrogen bonds with Gly20 and Arg87 are not constantly present during the trajectory in the simulation.
Next to this part is the ribose-binding part, which positions the ribose ring of the nucleoside. This is achieved by hydrogen bonds to Glu181, which makes contact with both oxygen atoms on 2 0 and 3 0 positions, then with His4 bonded to oxygen at 5 0 position, and Thr90, which makes contact with 4 0 oxygen atom. The results of docking calculations pointed to interaction between 5 0 -hydroxyl group and His4 from the neighbouring monomer as an important H-bond for nucleoside binding, while during the MD simulation, this hydrogen bond was present in the systems in which His4 was in the neutral form.
Closest to the surface of the protein is the base-binding part of the active site (Fig. 6) . It is mostly a hydrophobic cavity surrounded by Phe159 from the top, by Met180, Ile178 and Leu206 from the side, and by Cys91 and Gly92 from the bottom. The most important hydrogen bond is between Asp204 and 6-amino group of the nucleoside substrate which was observed as mostly stable interaction during the MD simulations of HpPNP complexes with Ado and with FA. In MD simulations, Ser203 and Cys91 occasionally act as acceptors for this group, indicating that these are likely formed conformational changes induced by ligand binding. A very important factor for nucleoside orientation is interaction with Phe159, whose ring is positioned at an angle of approximately 45°to the planar ring of the base. This interaction is present and persistent in all simulations and it has been reported in literature for both trimeric and hexameric PNPs [26] . Molecular dynamics simulations and docking studies also confirmed that Glu181, Thr90 and Phe159 are the most important residues for nucleoside binding. One notable difference between Ado and FA binding is in the relative proportion of N6ÁÁÁAsp204 to N6ÁÁÁIle178 hydrogen bonds. Most sites with Ado (11 of 12 binding sites) have the former, whereas many with FA (5 of 12 binding sites) have the latter one. 
Conformation of active sites
Although all of the apo crystal structures crystallize in the monoclinic space group P 2 1 , they display some differences in unit cell dimensions and even conformations of the active sites. Structures HpPNPapo_2 and HpPNPapo_3 resulted from unsuccessful soaking experiments with soaking of prospective inhibitors.
HpPNPapo_1 and HpPNPapo_2 are more similar in unit cell dimensions, whereas structure HpPNPapo_3 shows larger variation in unit cell dimensions, with b axis 10% shorter and c axis 3% shorter (Table 4 ). This can be attributed to tighter packing due to the closing of one of the active sites in HpPNPapo_3. Namely, all active sites in all of the apo structures are open, except for active site A in HpPNPapo_3. In this active site, two or three disordered molecules of methanol can be found in electron density maps. In the binary complex HpPNP_PO4, a remarkable distribution of open and closed active sites can be seen (Fig. 7A) . Namely, four active sites are occupied by P i (A, B, C and E) and closed, while the remaining two (D and F) are empty and in open conformation. This is in accordance with the hypothesis that P i binding induces the closing of active sites [7] . In addition to P i , in each of the closed active sites, a molecule of Tris could be identified. This is probably due to the ability of the Tris molecule to mimic the ribose part of the nucleoside (Fig. 7A) . The remaining open sites contain only water molecules.
In the binary complex HpPNP_FA, each active site is occupied only by FA, and all of the active sites remain in open conformation (Fig. 7B) . Interestingly, FAs are bound in a previously unobserved conformation. This is characterized by a complete flip of the base planar part of FA (Fig. 8A ) into syn conformation, leading to FA being bound in a nonstandard way. In such a conformation, N7 position of FA planar ring is on the opposite side from Asp204, and no interaction necessary for the initial step in catalysis can take place (Fig. 8B) . The P ibinding part of the active site is occupied only by water molecules.
The most interesting situation arises in the active sites of the ternary complex HpPNP_PO4_FA. Here, active sites C and E are occupied by both P i and FA, which are very clearly visible in the electron density (Fig. 7C) . Moreover, in these active sites, FAs are found in anti (or standard) conformation, and the active sites are closed. In contrast, active sites B, D and F contain only FA molecules in syn conformation, in line with the lack of P i in these active sites. Active site A shows partial contribution from both of these situations: electron density shows the presence of P i , but not as pronounced as in the closed active sites, while FA could be modelled in both syn and anti conformations at approximately equal amounts, indicating that probably both FA conformations coexist in the active site. Although there is no clear H8 segmentation in active sites A, B and D, the helix is slightly bent towards the FA molecule, constituting yet another unique feature of this structure (Fig. 9 ).
In line with crystallographic studies, MD simulations also revealed notable conformational freedom of the nucleosides, despite interactions with the protein and limited space available within the active site. In order to quantify their conformational freedom, the torsion angle of the glycoside bond in nucleosides (v) was monitored through simulations (Fig. 8) . Such analyses showed that in some binding sites the defined Fig. 6 . The structure of the active site of HpPNP exemplified by chain E from HpPNP_PO4_FA. Amino acids shown as sticks are those within 4 A of any ligand atom, and polar contacts are depicted as grey dashed lines. P i -binding part (circle on the right) is the deepest part of the active site pocket and is predominantly positively charged due to three arginine residues. Additionally, P i makes two contacts with Gly20 and Thr90. The oval in the middle denotes a ribose-binding part of the active site. It can be seen that the ribose makes contacts with His4, Thr90, Glu181, Arg43, Arg87 and Met180. On the left is the base-binding part, which is predominately hydrophobic. Phe159 looms over the base and together with a chain of smaller amino acids under the base (Gly92, Cys91 and Thr90) keeps the orientation of the base. On the right, the chemical structure and the numbering scheme of FA molecule are shown.
torsion angle was changing by as much as 240°in two or three steps over a span of mere 3 ns. In MD simulations, syn conformation of Ado and FA appears to be favoured. In particular, overall average values are: v = À50°AE17°and v = À80°AE34°for Ado with and without P i , respectively, v = À2°AE68°for FA. 
P i movement during MD simulations
In all starting structures of binary complexes with P i and ternary complexes with P i and a nucleoside, P i ion was bound inside the binding site and coordinated by Thr90, Arg87 and Arg43 (from a neighbouring subunit), and sometimes by Arg24. However, during MD simulations, significant movements of P i ion from its initial position towards the exit of the binding site were observed in 14 of 24 active sites considering all systems with P i present inside the binding site of the starting structure for MD simulation. Unlike during the simulations of PNP from E. coli, where P i movement was noticed only for active sites in open conformations [11] , in the case of HpPNP, movement of P i ion was also observed for active sites in closed conformation. However, it was more often observed for active sites in open conformation, and it occurred on a shorter time scale compared to closed active sites. Movement of P i ion towards the exit was observed during the MD simulations of all binary and ternary complexes, except during the simulation of a ternary complex with Ado. In the latter case, which is the only complex with a natural nucleoside substrate that was simulated, P i ions remained bound inside the active sites despite the fact that all active sites were in open conformation.
Discussion
As a continuation of our investigations into HpPNP, a series of crystal structures of the HpPNP in apo form, as well as in complexes with P i ion and/or inhibitor FA, was obtained. X-ray structures also served as a starting point for a series of MD simulations. Previously, we described the elementary catalytic properties and X-ray structure of PNP from a clinical isolate of pathogen H. pylori (HpPNP-Zg) [13] . The difference between PNP from H. None of these differences is expected to influence protein properties significantly, especially since none of these residues participates in the active site. The theoretical molecular mass of both proteins is 25 786 Da, and the predicted pI of HpPNP monomer is slightly higher than that of HpPNP-Zg (8.15 and 7.61 respectively). Substrate specificity profile is similar for both enzymes, with activity towards 6-amino purine nucleoside (Ado) significantly lower than in the case of other hexameric PNPs (exemplified by E. coli PNP, Table 1 ). HpPNP has 54% sequence identity and 73% sequence similarity with E. coli PNP. Similarly as for E. coli PNP, the MM model describes the kinetics of HpPNP with the nucleoside as the variable substrate, and the allosteric sites model with negative cooperation between the active sites describes it with P i as the variable substrate (Fig. 1) . The interesting feature of the HpPNP-catalysed reaction is a strong dependence on the ionic strength, resulting in a very low activity and elevated MM constant observed in the high-ionic-strength media (Fig. 1) . As a structural analogue of Ado and a typical inhibitor of E. coli PNP, FA also inhibits HpPNP (Fig. 2) , albeit in a notably weaker way, with K i = 14.0 AE 1.7 lM, as compared with K i = 5.3 AE 0.4 lM for E. coli PNP [25] . This correlates well with the lower than expected for hexameric PNP activity of HpPNP vs. Ado (Table 1) . The most striking feature seems to be, however, very weak interactions of HpPNP with P i , as derived from MST experiments. The strongest binding site is characterized by dissociation constant K d1 = 3.60 AE 0.44 mM, while for E. coli PNP, the respective value is K d1 = 29.4 AE 2.2 lM [27] . In solution, HpPNP is found in the hexameric form, but peaks pointing to the traces of smaller and higher oligomers were also detected (Fig. 4) . This shows that HpPNP is not as stable in the hexameric form as its E. coli PNP counterpart, with the latter undergoing inactivation from the hexameric form in one step, without any intermediates [28] . Taking all the above results together, it is obvious that HpPNP shows several unusual biochemical features. As discussed below, they are in line with some unexpected results revealed by X-ray studies and MD simulations.
Recently we have determined the first structures of PNP from the clinical isolate of H. pylori [13] , where the structures exhibited a previously unobserved distribution of five open and one closed active site. Some crystal structures of HpPNP determined in this study continue to display previously unobserved distributions of open and closed active sites conformations between monomers. In all three apo structures reported here, all of the active sites remained open, except for one active site in HpPNPapo_3. The closing of only one of the active sites happened after briefly soaking the crystals (not longer than 1 min) with a methanol solution of one of the potential inhibitors. Although the inhibitor was not bound, the closed active site contained 2-3 methanol molecules which seem to have induced the closing of the active site. Thus, it is not only P i that can induce the closing of the active site, as P i was not present in this experiment at all. Furthermore, this leads to the closing of only one out of six active sites. This arrangement of active sites was previously noted only in the case of two other crystal structures of HpPNP-Zg [13] . In a general survey of all structures of PNPs deposited in the PDB, these represent the only structures with a single closed active site [12] , which seems to be a unique feature of H. pylori PNPs.
The binary complex HpPNP_PO4 shows a strong connection between the binding of P i and the closing of active sites, as all the sites which are closed are occupied by P i molecules (Fig. 7A) . Again, in this case, the distribution of closed active sites is distinctive: with A, B, C and E in closed conformation and P i bound, and active sites D and F in open conformation and empty. Interestingly, this shows that dimers can coexist in open-closed pairs (A-D and C-F) and in closed-closed pairs (B-E), the latter having never been observed with E. coli PNP. The presence of Tris molecules in the ribose-binding part of the active site is probably a consequence of its ability to mimic the ribose hydrogen bonding with the enzyme. That the P i is involved in the closing of the active site is further supported by the binary complex with FA alone, HpPNP_FA, where all of the active sites remained open (Fig. 7B) . This, however, leads to considerable flexibility in FA binding and permits nonstandard binding of FA in syn conformation. It differs from the standard mode of FA binding observed in the presence of P i , which allows N7 atom of FA to be oriented towards Asp204, in a favourable position for protonation, the initial step of catalysis. In the nonstandard conformation, the planar two-membered ring of the nucleoside is flipped on the completely opposite side, which not only puts N7 atom further away from Asp204 but also places the six-membered ring in Fig. 7 . Active sites in the structures of HpPNP with bound ligands. Electron density is given only around ligands (blue is 2mFo-DFc map contoured at 1r level). (A) In the HpPNP_PO4 structure, electron density clearly shows the presence of P i molecules in four active sites (A, B, C and E), and those sites are closed (denoted with an arrow). In the ribose-binding part, one Tris molecule could be identified due to high-quality maps at 1.7 A resolution. Tris makes similar hydrogen bonds to P i as the ribose from natural substrates. The remaining two active sites are occupied by waters only and remain open. (B) Molecules of FA are very well visible in all six active sites of HpPNP_FA. In the P i -binding part, only a few water molecules are visible. Different conformation of FA molecule is visible compared to the one when P i is bound. Also, all the active sites remain open. (C) In the ternary complex with FA and P i , the most complicated situation arises: In active site A, both conformations of FA are found combined with partial occupancy of P i ; active sites B and D are open and contain FA in nonstandard conformation with no P i , while active sites C and E are closed, with FA in standard conformation and P i clearly visible. Electron density is poorest in chain F and is missing in the region of helix H8. It can be seen as having contribution from both these situations but better explained by having waters instead of P i and FA dominantly in nonstandard conformation, although some contribution of bound P i is visible (colour green shows the difference in electron density mF o -DF c contoured at 3r level; also, Arg24 points partially towards the P i -binding part). between N7 and Asp204, thereby preventing any interaction between them and, accordingly, catalysis as well. Interestingly, in all six active sites FA is found in nonstandard conformations, indicating that this is the preferred mode of binding of FA in HpPNP. This was not the case in E. coli, where FA was bound in a standard conformation even in the absence of P i . However, analyses of MD simulations clearly showed that the transformation from syn (nonstandard) to anti (standard) conformation of FA, as well as of Ado, easily occurs within the active site. Such conformational changes were observed by visualization and quantified by measuring the torsion angle v indicating large conformational freedom of Ado and FA within the active site. The nonstandard mode of binding seems to be related to the absence of P i . As the crystal structure of the ternary complex HpPNP_PO4_FA suggests, the presence of P i keeps FA in the standard orientation, which is seen in active sites C and E. These active sites are closed, again confirming the correlation of P i presence and the closing of active sites. Active sites B, D and F do not have P i bound, and FA is clearly visible in the electron density as having a nonstandard conformation. An average of these two border cases is visible in active site A, where both conformations of FA are equally populated and visible in the electron density, while P i is less well defined, in line with its partial occupancy (Fig. 7C ). Although such straight correlation between P i presence and FA conformation was not observed during the trajectories, simulations clearly showed that the nucleoside can easily change its conformation within the active site, and it is possible that the dynamical equilibrium between nonstandard and standard binding is mediated by P i presence. It seems that the differences in the distribution of active sites cannot be attributed to crystal packing effects. Notably, all of the crystal structures with bound ligands crystallized in the same space group P 2 1 2 1 2 1 and have similar unit cell axes, and are therefore expected to have similar crystal packing environments. Our previous investigations on all of the crystal structures of hexameric PNPs suggest no correlation between crystal packing and the distribution of the open and closed active sites [12] .
The peculiar distribution of conformations of the active sites in HpPNP structures may be linked to a generally weaker distinction between open and closed conformations. In general, helix H8 is more curved towards the active site in the region where it undergoes a conformational change. This is most notable in structure HpPNP_PO4_FA (Fig. 9) , where in chain D it is shifted significantly in the direction of a closed conformation.
During MD simulations, P i molecules showed a significant tendency to leave the initial position, except in the simulations with Ado. The movement of P i ions was more pronounced in open conformations, and it also occurred in some closed active sites. Only in the case of ternary complex with Ado do P i ions stay in place, even though all of the active sites are open. Indeed, this P i tendency to drift away from the active site is in line with much weaker binding constants than in, for example, E. coli PNP. Kinetic studies showed that the strength of P i binding is strongly dependent on the ionic strength of the solution.
In conclusion, HpPNP has biochemical and structural features that distinguish it from typical hexameric PNPs. It shows low affinity towards adenosine as opposed to all other hexameric PNPs. Moreover, it has a unique distribution of active site conformations and a novel, nonstandard mode of FA binding.
Microscale thermophoresis studies revealed that a two-site model and a three-site model are needed to describe P i and FA binding respectively. It has been demonstrated that the presence of P i in the active site stabilizes the standard conformation of FA. The results of molecular dynamics simulations that show P i movement out of the active sites are in line with its very weak binding determined by microscale thermophoresis.
The acquired understanding of substrate binding to HpPNP could help design better inhibitors of this enzyme. H. pylori lacks de novo synthesis of purines and can obtain purines for its DNA synthesis only through a salvage pathway, in which HpPNP is essential. Therefore, inhibition of HpPNP could be an efficient new way to fight this bacterium.
Experimental procedures
Cloning, expression and purification of HpPNP Genomic DNA of H. pylori strain ATCC 26695 was obtained from the Department of Bacterial Genetics, Institute of Microbiology, Faculty of Biology, University of Warsaw. H. pylori deoD gene was cloned into pET21b expression vector (Invitrogen, Carlsbad, CA, USA), as described previously for PNP from a clinical isolate of H. pylori (HpPNP-Zg) [13] . DNA sequence of H. pylori deoD gene was confirmed by sequence analysis (Macrogen, Amsterdam, Netherlands).
The constructed plasmid pET21b-HPdeoD was subcloned into E. coli cell strain BL21-CodonPlus(DE3)-RIL (Agilent, Santa Clara, CA, USA) which was used for the expression of HpPNP. The expression of PNP was performed in the following way. Ten millilitre of overnight E. coli culture was added to 500 mL of LB media (Carl Roth, Karlsruhe, Germany) containing 100 mgÁmL À1 of ampicillin (Sigma, Darmstadt, Germany). The cells were grown at 37°C and 220 rpm to OD 600 = 0.6 and expression was induced with 0.5 mM isopropyl b-D-1-thiogalactopyranoside (IPTG; Sigma). The cells were additionally grown overnight at 37°C and 130 rpm and harvested at 5000 g, at 4°C. These conditions were found to be the best for overexpression of HpPNP by testing the influence of different temperatures, durations, aerations and IPTG concentrations on PNP overexpression.
Purification of overexpressed protein was performed essentially as described by Stefani c et al. for HpPNP-Zg [13] . The purification was monitored by an activity assay [13] and a protein concentration assay following the Bradford method [29] with bovine serum albumin as a standard. For specific activity assays and for all other biophysical studies, protein concentration was determined from UV spectra using an extinction coefficient (calculated from the amino acid sequence [30] ) at 278 nm e 1% = 5.19 mg À1 Ácm À1 . Protein purity was evaluated by SDS/PAGE on PhastSystem (GE Healthcare, Little Chalfont, UK) in 12.5% acrylamide.
Comparison of enzyme activity
To compare the activity of both HpPNPs and E. coli PNP, assays were conducted as described earlier [12] , at pH 7.0 in 50 mM HEPES-NaOH buffer at 25°C and in the presence of 50 mM P i . Nucleoside substrate concentration was as follows: 0.5 mM or 1 mM Ino, 0.2 or 0.4 mM Ado, 0.18 mM Guo and 0.28 or 0.45 mM m 7 Guo. Ino, Ado and xanthine oxidase from butter milk (1 UÁmg À1 ) were purchased from Sigma, as well as buffer chemicals. m 7 Guo was synthesized from Guo according to Jones and Robins [31] . CamSpec M-501 spectrophotometer (CamSpec, Cambridge, UK) was used. Specific activity was expressed as lmol of purine nucleoside converted to purine base and a-D-pentose-1-phosphate in the presence of P i per min at 25°C and per mg of protein (lmolÁmin À1 Ámg
À1
). Specific activity vs. Ino was determined as a mean from six independent experiments for the freshly diluted enzyme stock 10 mgÁmL À1 , frozen at À80°C.
Temperature and pH effects on HpPNP stability and activity
In all temperature and pH dependence studies, PNP activity was measured using 0.5 mM Ino as a substrate and 0.16 lgÁmL À1 of enzyme. All assays were performed in triplicate. Experimental details are described in Ref. [13] .
Enzyme kinetics measurements
Ino, Guo, Ado and xanthine oxidase from butter milk (1 UÁmg À1 ) were purchased from Sigma; magnesium chloride, sodium chloride, sodium dihydrogen phosphate and Hepes from Roth, and NaOH 99% pure from POCh (Gliwice, Poland To study the kinetic mechanism of the enzyme with the nucleoside as the variable substrate, Guo and m 7 Guo
were in the range 6-277 lM and 5-412 lM, respectively, and P i concentration was constant at 50 mM. When full kinetic studies with P i as the variable substrate were performed, Guo concentration was 0.18 mM, m 7 Guo concentration was 0.28 mM, and P i concentration was varied in the range 0.001-20 mM. The reaction mixture, always containing 50 mM Hepes/NaOH buffer pH 7.0 at 25°C, has a 1 mL volume in a 1 cm pathlength semi-microcuvette and a 1.4 mL volume in a 0.5 cm pathlength cuvette.
To follow the reaction, a direct spectrophotometric method was used in the case of Guo, Ado [32] , m 7 Guo [33] , and a coupled assay with xanthine oxidase in the case of Ino [34] . Observation wavelengths and extinction coefficients used are shown in Table 5 . Initial substrate concentrations of nucleoside substrates, c o , were calculated from the initial absorbance. The reaction mixture was incubated for 5 min at 25°C, and the change of the initial absorbance over time was measured for 2 min. Initial velocity was calculated for the periods of 0.5-1 and 1-2 min after enzyme addition, and the average value was taken to determine velocity.
Analysis of the kinetic data
The kinetic data were analysed, like previously for E. coli PNP [7] , either using the classical MM equation or the equation describing allosteric interaction between two identical active sites (characterized by constants K m1 and V max1 ), leading to a change by factors a and b, respectively, constants K m1 and V max1 of one site when the neighbouring site is occupied by the ligand studied (i.e. variable substrate) [35] :
Equation (1) is mathematically equivalent to the equation used by Modrak-W ojcik et al. [35] :
in which parameters K m1 and V max1 characterize one site in the case when the other one is free, and K m2 and V max2 , equal to K m2 = aK m1 and V max2 = bV max1 , characterize one site in the case when both sites are occupied by a ligand. In both equations, c o refers to the concentration of the variable substrate, and fitted parameters depend, in general, on the concentration of the cosubstrate, which in our experiments was held constant. Curve-fitting was carried out according to the MM equation or the equation describing the allosteric model (Eqns 1 and 2), if the fitting of the latter equation yielded a statistically significant decrease in the sum of residuals, judged by the F test at 95% confidence level.
The type of inhibition and inhibition constant were determined by the initial velocity method at 25°C, in the 50 mM Hepes/NaOH buffer pH 7.0, with m 7 Guo as a nucleoside substrate, and with 50 mM P i pH 7.0. Global fitting of the competitive inhibition model [35] yielded the value of the inhibition constant, K i :
Fitting errors of the kinetic parameters obtained from the global fitting of the respective kinetic model, are reported in the text and the Table 2 .
Analytical ultracentrifugation
Analytical ultracentrifugation was carried out with the Optima XL-I ultracentrifuge (Beckman-Coulter Inc., Indianapolis, IN, USA) equipped with absorption and interference detection systems, An-50Ti and An-60Ti analytical rotors and double-sector 1.2-cm cells with Epon-charcoal centrepieces and sapphire windows. Partial specific volume of HpPNP from its amino acid composition and densities and viscosities of buffers were calculated using the SED-NTERP program [36] .
For the sedimentation velocity studies, protein samples (0.08-0.87 mgÁmL À1 , 390 lL) in 50 mM Tris/HCl buffer pH 7.0 and 7.6 were equilibrated at 10 000 g and 20°C, accelerated to 142 000 g (at the cell bottom; 42 000 rpm) and radial absorption scans of the protein absorption (concentration) profile in the cell at 230 nm or 280 nm (depending on enzyme concentration) were measured at 5-or 7-min Table 5 . Spectral data for maximal absorbance of tested substrates (neutral forms), wavelengths used to follow phosphorolytic reaction and differences in extinction coefficients for these substrates and corresponding bases-products of the phosphorolytic reaction, used to calculate activity. . MST experiments were conducted in 50 mM Tris/HCl pH 7.6 with 0.05% Tween 20 in Premium Capillaries. The presence of 0.05% Tween 20 and Premium Capillaries was necessary to obtain reliable data. Otherwise, capillaries fluorescence intensity distribution scans showed concaved peaks indicating that the protein is sticking to the walls of the capillaries. The heating laser power was set to 60% and the detector diode to 20% for all experiments.
Enzyme concentration was 0.0825 lM. FA was in the range 5.3 nM-5.6 mM, and P i in the range 0.18-375 mM. To cover such a broad range of ligand concentration, two experiments were performed in the low and high ligand concentration ranges, with three overlapping points to stitch the data into one titration curve covering the whole probed concentration span. Each experiment was repeated five times for P i binding and six times for FA binding experiments. The sets of five or six curves, respectively, were fitted globally.
MST titration curves were analysed by a DYNAFIT4 Program [38] , which allows to test models for which an analytical equation describing binding is impossible to obtain. Models with one (first reaction, see below), two (first two reactions) and three binding sites were taken into account. These models describe, respectively, independent binding sites, cooperation between two active sites in a dimer, and a more complex cooperation of the sites in the whole hexameric molecule.
The parameters of fit are K d1 , K d2 , K d3 , and fluorescence responses. Responses are defined as fluorescence changes related to the formation of subsequent protein-ligand complexes, and normalized vs. fluorophore concentration, thus giving molar fluorescence coefficients: r PL , r PLL , r PLLL . Model discrimination procedure was based on the analysis of the residual plots (Runs of Sign Test/Wald-Wolfowitz runs test [39] , Akaike and Bayesian information criterion), tools provided in the DYNAFIT4 program. Errors of the parameters reported in the text and in Table 3 solution for 30 min before setting up the crystallization drops. This way the concentration of P i in the incubation mixture was 1.5 mM, which means that there are four times more P i ions than protein monomers. MgCl 2 was removed from the crystallization conditions to reduce the ionic strength as it was found that this interferes with P i binding. The ternary complex HpPNP_PO4_FA was obtained by soaking the crystals of HpPNP_PO4 in 10 mM FA dissolved in the crystallization conditions without MgCl 2 for a few days.
Data collection for all structures was done at the XRD beamline of the Elettra synchrotron, Trieste, Italy using the Dectris Pilatus 2M detector. The data collection and refinement parameters for the structures are summarized in Table 4 . The data were integrated using the XDS program [40] . All the structures were solved by molecular replacement using the MOLREP program [41] and using the structure of HpPNP-Zg as a model, and ligands were located in the difference maps. The models were then refined using the phenix.refine routine from the PHENIX package [42] .
Molecular modelling
Starting from the crystal structures of PNP enzyme from H. pylori, the following nine systems (Table 6) were prepared for molecular dynamics (MD) simulations: (i) five systems with all six active sites in open conformation (PNP1 -without any ligands bound; PNP1 + P -with P i ion bound in each active site; PNP1 + A -with Ado bound in each active site; PNP1 + P+A -with P i ion and Ado bound in each active site), (ii) two systems with four active sites in open and two in closed conformation (PNP2 -without any ligands bound; PNP2 + P -with P i ion bound in each active site) and (iii) two systems with four active sites in open and two in closed conformation (PNP3 + P+F1 and PNP3 + P+F2 -both systems with FA bound to each active site and P i bound only to three active sites). Systems labelled as PNP1 were built from HpPNPapo_1, systems PNP2 from HpPNP-Zg and systems PNP3 from HpPNP_PO4_FA crystal structures.
Polar hydrogen atoms were added to each crystal structure using the WHATIF program [43] that adds polar hydrogens in an iterative procedure with the goal of obtaining an energetically optimal hydrogen bond network. Nonpolar hydrogen atoms were added using the tleap module of the AMBERTOOLS15 [44] software package. The sulphate ions that were present in some crystal structures were in silico converted to P i ions. Nucleosides (Ado and FA) were built using the MAESTRO program (Maestro, Schr€ odinger, LLC, New York, NY, 2017).
The binding of each nucleoside onto an active site was investigated using the docking procedure available in the GLIDE program [45] [46] [47] . Docking was conducted on closed and on open active sites, as well as on active sites with and without bound P i . Grid centre was defined by the centre of geometry of two amino acid residues from the active site, Phe159 and Arg217. Glide creates not one, but two boxes for docking. The ligand centre of mass has to be inside the smaller inner box, while the ligand is positioned somewhere in the outer box encompassing the smaller one. Three different grid sizes were used: large (15 9 15 9 15 A 3 ), medium (10 9 13 9 13 A 3 ) and small (10 9 7 9 10 A 3 ).
Nucleosides were subsequently docked using these grids. Glide extra precision (XP) docking was used, and ribosyl ring conformations were sampled up to 41.84 kJÁmol
À1
from the original minimum. Up to 10 binding modes were saved for each ligand, and interactions were computed for all amino acids within 6 A of the ligand. The energetically most favourable binding mode of each nucleoside was used to build binary and ternary complexes for MD simulations.
Each constructed structure was solvated using TIP3P water molecules [48] , and chloride ions were added to neutralize the system. Periodic boundary conditions were applied. Each system contained approximately 150 000 atoms. The protein atoms were parametrized using the Amber ff99SB force field [49] , while nucleosides and P i ions were parametrized using the antechamber module of the AM-BERTOOLS15 [44] software package.
Geometry optimization (energy minimization) of each system was performed in five cycles. Each cycle consisted of 5000 steps. The steepest descent algorithm was used for the first 1000 steps, followed by 4000 steps of conjugate gradient algorithm. In the first cycle of minimization, a force constant of 418.4 kJÁmol À1 Á A À2 was applied to constrain the protein atoms, nucleosides and P i ions, while the solvent molecules and ions were unconstrained. In the second cycle, the same constraint was applied on the heavy atoms of proteins and nucleosides, and on P i ions. In the third cycle, the protein backbone atoms, nucleosides and P i ions were constrained using a 418.4 kJÁmol À1 Á A À2 force constant. In the fourth cycle, the same atoms as in the third cycle were constrained, but the force constant was decreased to 209.2 kJÁmol À1 Á A À2 . In the fifth cycle, no constraints were applied. After the geometry minimization, each system was subjected to MD simulations. During the first 250 ps of equilibration phase, temperature was linearly increased from 0 to 300 K, followed by 50 ps at constant temperature (300 K) using the Berendsen thermostat [50] . During the first 300 ps, NVT ensemble was used, and protein atoms, nucleosides and P i ions were kept constrained using a 104.6 kJÁmol À1 Á A À2 force constant. The second equilibration phase was from 300 to 500 ps, NPT ensemble was used and the pressure was kept constant at 1.0 bar using isotropic scaling with a Parrinello-Rahman pressure coupler with a 2.0 ps coupling time constant. During this Table 6 . Systems constructed from crystal structures and prepared for MD simulations. phase and further on during the production phase, no atoms were constrained. The production phase was up to 20 ns for most of the systems. The time step was 1 fs. Temperature was kept at 300 K using a modified Berendsen thermostat. Pressure was kept at 1 bar using the Parrinello-Rahman barostat. Electrostatic interactions were treated using a PME model with 12 A cut-off. All simulations were performed using the AMBER14 and GROMACS 4.6.5 simulation packages [44, 51] . All trajectories were analysed using the VMD program [52] and Gromacs analysing tools.
